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Abstract: The Brillouin backscattered wave was examined in a short-length single-mode fiber at diﬀerent ambient
temperatures using a 1553-nm wavelength laser source. To obtain Brillouin scattering depending on the temperature
change in a 95-m long single-mode fiber cable, the Brillouin optical time domain reflectometry (BOTDR) technique was
used. In this technique, a 1553 nm wavelength signal was sent from one side of the test fiber. The FC/APC connector
was attached to the other end of the test fiber. The temperature parameters of the single-mode fiber cables of diﬀerent
brands and types can be obtained using Brillouin scattering. The Brillouin frequency shift is found 0.93 MHz/ ◦ C.
Measured linear change demonstrated its use as the temperature sensor of Brillouin Scattering.
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1. Introduction
Scattering is dispersion formed by the incident beam hitting a foreign object and resulting in light loss. The most
important scatterings are Rayleigh scattering (linear), Brillouin scattering, and Raman scattering (nonlinear)
in the fiber optic cable [1,2].
Rayleigh scattering occurs when particles are small compared to the wavelength of the light, caused
by random inhomogeneities. Raman scattering emerges as a result of the interaction between the molecular
vibrational modes occurring in the molecular structure of the medium with the emitted light within the fiber.
Brillouin scattering, with the heat coming from the light wave in the fiber, occurs spontaneously as a result of
the interaction of acoustic waves [3,4].
Optical fibers are widely used for data transmission and in physical sensing systems. For the last 30
years, fiber optic sensors have become the subject of many interesting studies and various sensors have been
developed for the measurement of chemical and physical factors. In physical sensing applications, the changes
in refractive index and geometric properties are observed to monitor temperature, strain, and pressure [5].
The compact size, low setup and maintenance costs, and electromagnetic interference (EMI) invulnera∗ Correspondence:

muyucel@gazi.edu.tr

3881
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bility make optical sensors a very competitive and desirable choice compared to other classical sensors. Fiber
optic sensors allow for monitoring of very large areas with a simple, small monitoring station that basically has
the size of a normal desktop PC. Hence, a single fiber sensor can do all the monitoring done by many separate
classical sensors by itself. The distributed fiber sensors provide even more flexibility since basically all of the
fibers become a sensing point. Therefore, distributed sensors are commonly used in many hard to monitor
media such as railroads, bridges, tunnels, oil pipelines, and borders [6].
The concept of the distributed fiber sensor was firstly developed by Southampton University in 1981 [7,8].
Later, Hartog and Payne developed the concept further [9]. They managed to obtain the Rayleigh scattering
temperature coeﬃcient along a liquid core silica fiber. Dakin et al. managed to monitor temperature by using
the anti-Stokes and Stokes Raman backscattering coeﬃcients [10]. Following the studies by Hartog and Dakin,
these types of sensors have seen rapid development [11,12]. In 1989, the Brillouin frequency shift was reported
to change with temperature and strain [13,14]. From then on, Brillouin scattering has been important for
distributed fiber optic sensors since strain is an important factor for fibers and is a necessity for monitoring
the structural integrity of big constructions. Furthermore, the range of Brillouin sensors is quite big because
the Brillouin frequency shift is small (approximately 11 GHz) compared to Raman and it can be used in the
1550 nm band with minimum fiber loss. However, in Raman scattering, the pump/Stokes and Anti-stokes
waves cannot coexist at this wavelength band. In order to elongate the range of distributed sensors, fiber-based
Brillouin lasers [15] and amplifiers [16] were designed [17,18]. Some special monitoring applications require
sensor systems with a much greater range than distributed optical sensors [19,20]. Some examples of such
applications are power plants, fire monitoring systems, coal mines, oil well safety, high-speed train lines, and
long railroad network safety [21]. Rayleigh and Raman scattering-based distributed fiber optic temperature
sensors are used in tunnels, subways, the iron and steel sector, petro-chemistry factories, and other hazardous
and hard to reach places. Their main use is for fire protection [22,23]. However, these distributed sensors have
very limited sensitivity. Due to weak wave signals, as the sensing range increases, the response time increases
as well. Thanks to the important studies on the fiber length and resolution over the past decade, Brillouin
scattering has become the most important scattering technique used for distributed fiber optic sensing.
Brillouin gain spectrum (BGS) is enhanced by the fiber length increases. Therefore, there are studies
in the literature for more fiber length of 250 m and above. With this study, BGS analysis was performed for
a much shorter fiber size. Brillouin scattering is examined in the 95 m single-mode fiber at diﬀerent ambient
temperatures. In the second part of the study, the theoretical calculations of distributed Brillouin sensors are
studied. In the third part, the experimental observation of Brillouin scattering in single-mode fiber is performed.
2. Theoretical analysis
As the wave propagates through the optical fiber, a small amount is scattered back due to the Brillouin
interaction. As shown in Figure 1, this backscattering can have a frequency either lower (Stokes) or higher
(anti-Stokes) than the incident wave.
When an electric field oscillates at the pump frequency known as ω0 then the electrostriction process
produces a macroscopic acoustic wave at the frequency ωB . In spontaneous Brillouin scattering, pump photons
are suppressed. This results in the creation of a Stokes photon and an acoustic phonon concurrently. The
energy conservation and momentum conservation (MC) must be followed in similar scattering processes. For
conservation of energy,
ω0 = ωs + ωB ,
(1)
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Figure 1. Rayleigh, Brillouin and Raman scatterings.

where ωs is the frequency of Stokes shift. For MC,
k0 = ks + kB

(2)

k0 , ks , and kB represent momentum vectors of the incident wave, scattered Stokes wave, and acoustic wave,
respectively. As shown in Figure 2, the frequency and wave numbers are related to the dispersion for acoustic
and electromagnetic waves:

Figure 2. Formation of the Stokes components of the Brillouin scattering [6].

|k0 | =

nω0
nωs
ωB
|ks | =
|kB | =
,
c
c
VA

(3)

where c is the speed of light in a vacuum, n is the refractive index, and V A is the acoustic velocity.
In a mass medium, scattering occurs in every direction. Using Eqs. (??) and (??), the angular frequency
of the acoustic wave can be calculated with the following equation:
( )
θ
ωB ≈ 2VA |k0 | sin
2

(4)

θ is the angle between the incident and Stokes waves. Eq. (??) shows that the frequency shifts of the Stokes
wave is dependent on the scattering angle θ . This shift is known as Brillouin frequency shift.
In optical fibers, depending on the incident wave, the scattered wave is polarized forward or backward.
According to Eq. (??), Brillouin frequency shift is 0 for forward scattering (θ = 0 ◦ ) and is peaked for backward
3883
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scattering (θ = 180 ◦ ) . The Brillouin frequency shift of the backward scattered Stokes wave is expressed by Eq.
(??). Since the acoustic wave propagates reversely to the incident wave, anti-Stokes waves can be obtained.
The anti-Stokes wave has a frequency as high as υB ,
νB =

ωB
nVA
=2
2π
λ0

(5)

In Eq. (??), n is the refractive index of the fiber, υB is Brillouin frequency shift, V A is the acoustic velocity,
and λ0 is the wavelength of the pump (incident) wave [6].
Brillouin frequency shift is dependent on temperature due to the refractive index change as shown in Eq.
(??):

[
]
dVA
∂νB 2
dn
=
VA
+n
∂T λ0
dT
dT

(6)

The temperature-dependent Brillouin shift can be found in the following equation:
vB (T ) =vB0 +

dvB
(T −T0 )
dT

(7)

υB0 is Brillouin frequency shift at the reference temperature T 0 . According to the studies, Brillouin frequency
shift is linearly dependent on the temperature. Accordingly, the above equation can be written as follows [24,25]:
vB (T ) =vB0 +CT (T −T0 )

(8)

Here C T is the frequency-temperature coeﬃcient. This coeﬃcient is determined by fiber structure, laser
wavelength, and additional fiber cladding and shield [26]. Since it shows the temperature dependence of Brillouin
frequency shift, Eq. (??) can be used as a basis for the temperature measurement [5].
3. Materials and methods
The basic structure of the Brillouin optical time domain reflectometry (BOTDR) technique is shown in Figure 3.

Figure 3. The basic structure of the BOTDR technique.

Similarly to optical time domain reflectometry (OTDR), which is used for the strength and length
calculation of fiber optic cables, spontaneous Brillouin scattering is used in the BOTDR technique. In the
fiber optic cable, the place of the measured ambient parameter, like strain and temperature, is defined by the
calculation of the time interval between the pulsed laser light sent and back-scattered frequency.
The basic structure of the Brillouin optical time domain analysis (BOTDA) technique is shown in Figure 4.
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Figure 4. The basic structure of the BOTDA technique.

In the BOTDA technique, the raised Brillouin scattering method is used and the signal is generally
implemented from both ends. Pulsed light and continuous wave are applied to the fiber optic cable from both
ends. The frequency diﬀerence between these two signals is adjusted to Brillouin frequency shift. When the
pulsed signal generates a loss, the continuous wave generates a gain. Thus, BOTDA can be obtained as a
function of time.
In BOTDR, sending the signal from one side of the fiber is suﬃcient and this is the most important
advantage of the BOTDR technique. Therefore, BOTDA is better according to the control, equipment used,
and the signal processing technique.
3.1. Experimental setup and results
The experimental setup (BOTDR) for measuring Brillouin frequency shift at diﬀerent ambient temperatures
for a fixed length fiber under test (FUT) is shown in Figure 5.

Figure 5. Setup for measuring Brillouin frequency shift at diﬀerent ambient temperatures.

The laser source has 1553 nm wavelength, 50 ns pulse width, and 8.52 dBm gain. The incident wave
leaving the laser has initially an 8 dBm gain. It is first sent to an erbium doped fiber amplifier (EDFA) to be
amplified and then, through a circulator, it is sent to a 95-m length single mode FUT. The other end of the FUT
is left open with the FC/APC connector being attached to reduce the return loss. The Brillouin scattering along
the FUT is obtained through the circulator and is amplified by another EDFA. Then the amplified scattered
wave is split into two by a 3-dB coupler and sent to a high-resolution optical spectrum analyzer (OSA) and
a photodiode (PD). The electrical output of the photodiode is again amplified by a radio frequency amplifier
(RFA) and finally analyzed by a radio frequency signal analyzer (RFSA).
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YÜCEL et al./Turk J Elec Eng & Comp Sci

First, a 95-m FUT is placed inside a furnace and heated up to 60 ◦ C. After being kept at this temperature
for a while, the Brillouin shift frequency value is measured through the 3rd outlet of the circulator by means
of the RFSA. Then this step is repeated for the temperatures of 50 ◦ C, 40 ◦ C, 30 ◦ C, 20 ◦ C, and 10 ◦ C.
In order to ensure the uniform ambient temperature over the FUT, the furnace is set at a temperature for at
least 30 min and only then the Brillouin frequency is read. The experiments were repeated with increasing
temperature values of 10 ◦ C to 60 ◦ C. However, the same results were obtained. SBS variation is quite linear
and stable, and it can be seen that similar graphics are obtained when the literature is examined [27–31]. The
RFSA reading of Brillouin frequency for the 95-m single-mode FUT at the temperatures of 30 ◦ C and 20 ◦ C,
respectively, is given in Figure 6.
Figure 7 shows the output of the optical spectrum for a 95-m test fiber. The first figure denotes the
optical spectrum output at 20 ◦ C and the others denote the optical spectrum output at the temperature of
40 ◦ C and 60 ◦ C, respectively. In Figure 7, signal 1 indicates Rayleigh scattering and signal 2 shows Stokes
Brillouin scattering. The other signal indicates anti-Stokes Brillouin scattering. As can be seen in the figure,
when temperature values increased, Brillouin shift also increased.
The Brillouin frequency shift values for each temperature are given in Figure 8.
As seen in Figure 8, the Brillouin frequency shift indeed has a linear dependence on the ambient
temperature. Therefore, Eq. (??) can be defined for the amount of frequency shift and temperature.
By applying this formula, C T is found to be C T = 0.93 MHz/ ◦ C.
The BGS spectrum increases as the fiber length increases. Since the power of the lasers used at 1550
nm wavelength is low, fibers with a longer length should be used. Therefore, long fibers should be used in
the determination of BGS. Since BGS is very weak it may not be measured in short fibers. In this study, the
BGS spectrum was perceived with a short-length single mode fiber (SMF) by using the RF amplifier, EDFAs,
and a high-resolution OSA diﬀerently from other publications. The results comparable with the literature are
presented in the Table [27–31].
Table. Brillouin frequency shift measurements for diﬀerent temperatures and fiber lengths in the literature.

Wavelength

Fiber
GeO2 doped core/puresilica cladding fiber
Pure-silica core/F-doped
cladding
GeO2 core standard
telecommunication fiber

Fiber length

Temperature

250 m

–40 to 60 ◦ C

250 m

–40 to 60 ◦ C

200 m

–40 to 80 ◦ C

1310 nm

PM fiber type (Panda)

-

–5 to 45 ◦ C

1310 nm

PM fiber type (Bow-Tie)

-

–5 to 45 ◦ C

1310 nm

PM fiber type (Tiger)

-

–5 to 45 ◦ C

1550 nm

Dispersion-shifted fiber

110 m

20 to 850 ◦ C

1320 nm
1320 nm
1320 nm

◦

1550 nm

SMF

2 km

–20 to 30 C

1553 nm

SMF

95 m

10 to 60 ◦ C
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BGS coeﬃcient
1.17
MHz/◦ C
1.33
MHz/◦ C
1.36
MHz/◦ C
1.37
MHz/◦ C
2.30
MHz/◦ C
1.66
MHz/◦ C
1.25
MHz/◦ C
1 MHz/◦ C
0.93
MHz/◦ C
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Figure 6. Brillouin frequency shift at 20
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Figure 7. The output of the optical spectrum for 95-m-long test fiber (a) 20
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Figure 8. Brillouin frequency shift values for each temperature.

When the Table is examined, at least 2 km for conventional SMF, at least 200 m for doped SMF, and at
least 110 m for diﬀerent types of fibers are used. The BGS coeﬃcient for this fiber length has been determined.
In this study, BGS coeﬃcient was obtained with 95 m classical SMF. This coeﬃcient is closely related to the
manufacturer and appears to be very close to the values obtained in the literature.
4. Conclusion
In this study, the BOTDR technique is used and the experimental observation of Brillouin scattering depending
on the temperature change is analyzed. The fiber optic cable is exposed to diﬀerent temperature changes and
the frequency shift coeﬃcient is obtained according to the Brillouin frequency shift. Consequently, by using this
experimental method it is shown that the frequency change coeﬃcient can be calculated for each type of fiber.
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